Abstract. The limited resolution of experimental diffraction data distorts the Fourier synthesis so that the electron density map obtained by the structure factors is an imperfect representation of the true density: the worse the experimental resolution, the less accurate the Fourier representation. We have recently developed new methods aiming at reducing the resolution effects by correcting it both in the Reciprocal Space (RS) and in the Direct Space (DS): e.g., by modifying the atomic scattering factors in RS and the electron density map in DS. The Dual-Space (DUS) method combines the RS and DS procedures. In addition, new computing strategies have been developed for improving the Fourier map calculation. The DUS algorithm has been introduced in the EXPO2010 package in order to obtain more reliable structure models. It has been successfully applied to several test structures. The main features of the new procedure and the results of our applications will be described.
Introduction
An undistorted electron density map may be computed by a Fourier synthesis in which the coefficients are the structure factors correctly phased, provided the summation is over the infinite number of the Miller indices. So defined, the electron density is positive everywhere. In the practice, the summation is not over infinite terms but it is limited to the measured experimental domain of the reciprocal space. This finiteness has relevant consequences: a) negative intensity values occur in the map; b) peaks are broadened and surrounded by positive and negative ripples; c) main peaks and ripples combine in such a way that peak location is shifted with respect to the true position and peak intensity is distorted. When the experimental resolution (RES) is larger than 1 A the series truncation errors may become critical and seriously distort the map. RES is nonatomic in several cases: a) for macromolecular structures; b) in case of small structures for powder diffraction data, where data in high resolution shells are often not useful because of the collapse of the three-dimensional reciprocal space onto the one-dimensional 2q axis. This is particularly true in case of organic compounds because of their rapid scattering factor decay; c) for single crystal data and small molecules when the crystal sample is of poor quality. We have focused our attention on powder crystal structures for which the Fourier map is not interpretable because of: i) errors in the structure factors moduli as extracted from the experimental profile (reflection overlapping, not modeled background, eventual preferred orientation limit the accuracy of the extraction process); ii) errors in the phases, as determined by Direct Methods or any other phasing approach; iii) series truncation errors.
In these conditions, the structure model obtained at the end of the ab-initio solution process is difficult to be interpreted: some peaks are close to their correct positions, some others are incorrectly located. Therefore Fourier map improvement is fundamental for succeeding in the structure solution. We have developed a new Dual-Space (DUS) procedure [1] : it combines the Reciprocal Space (RS) [2] and the Direct Space (DS) [3, 4] approaches: the first one corrects the canonical atomic scattering factors in such a way that the map calculated by using the structure factors obtained by the corrected scattering factors shows reduced truncation errors; the second one modifies directly the electron density map so that ripples are eliminated and peaks are better positioned and resolved. The DUS procedure uses also new computing strategies involving difference electron density maps. They have been introduced in EXPO2010, a more powerful and updated version of EXPO2009 [5] , in order to improve the quality of the structure model provided by the default run of the program. The aim is to discard false peaks and to improve peak location and intensity. EXPO2010 has been applied to several test structures, resulting in successful solutions. In this paper we report a brief descriptions of both RS and DS approaches, the new features of DUS procedure in EXPO2010 and some relevant applications.
The RS approach
The RS approach [2] works in the r* space (|r*| ¼ 2 Á sin q/l). It carries out a correction term on the classical atomic scattering factor in such a way that the Fourier synthesis calculated by the corresponding structure factors is less affected by ripples and peak intensities are improved. The basic reason for the scattering factor correction can be easily understood if we look at Fig. 1 , in which the Fourier transform of the scattering factor f Ni (|r*|) of the nickel atomic species (f Ni (|r*|) is represented by the Doyle and Turner formula [6] ) is shown as calculated at the resolutions of 0.0 (fuchsia colour), 1.0 (black colour), 1.5 (red colour), 1.8 A (green colour), respectively. In the practice T[f Ni (|r*|)] provides the form of an isolated Ni peak calculated by a Fourier synthesis devoid of errors.
The calculation of the Fourier transform at non-zero resolution implies that f Ni (|r*|) is truncated at |r*| larger than 1.0, 0.667 and 0.556 A À1 , respectively. Figure 1 shows that no ripples occur in case of zero resolution; in the other cases the main peak is surrounded by ripples.
The RS approach is based on the Inverse Fourier Transform of the ripple contribution alone in order to obtain a correction term f corr Ni (|r*|). The calculation is carried out for each atomic species so that f corr (|r*|) depends on both RES and the atomic species. Therefore:
The classical structure factor associated to the Miller index is so modified in:
where the summation is over the N number of atoms in the unit cell and r j is the j-th atom position. The canonical f j h scattering factor is corrected by f j corr h . The Fourier synthesis calculated with F h corr coefficients shows lowered ripple intensities. The correction, however, has the advantage of depleting truncation errors but the disadvantage of reducing the main peak intensities. In order to avoid this effect, the following strategy is adopted. Let's consider, for example, the case in Fig. 1 corresponding to RES ¼ 1 A. The main peak is fitted by a Gaussian function, whose amplitude is multiplied by an empirical parameter between 1.1 and 2.0 (it is chosen in such a way that no reduction of the main peak intensity, with respect to the canonical case, occurs). Then the Inverse Fourier Transform of the ripples and of the difference between the main peak and the Gaussian curve is calculated (see the part highlighted by vertical bars in Fig. 2 ).
The result corresponds to the term f j corr h in Eq. (1) which allows to increase the main peak intensity and decrease the ripples. The problem now is: how to improve the observed Fourier map? Equivalently, how to improve the observed structure factors moduli extracted by the experimental profile? To explain how that may be achieved we firstly consider a structure containing only one atomic species. In this case, equation (1) can be written as:
where (2) is also valid for the moduli:
where b h can be described by a best fitting polynomial of fourth order:
with coefficients c k and s h ¼ sin q h =l (q h Bragg angle and l wavelength). Equation (3) can be generalized to the case in which more than one atomic species is present:
where n i is the number of different chemical species in the structure, w i is the unit cell content and c ki is the k-th polynomial coefficient for the i-th chemical species. Now Eq. (3) is valid for correcting the experimental structure factor moduli with b h given by (5).
The DS approach
The application of the RS procedure is able to reduce but not to completely eliminate ripples. Therefore it is combined with the DS approach [3, 4] to improve the map further on. It can be summarized in two steps: 1) the ripple contribution is eliminated from each j-th peak in the map; 2) each j-th main peak is best fitted in its own domain by a Gaussian function. In the DS approach the modified electron density map consists of a sum of Gaussian-like peaks centred on positions which do not coincide with the maxima of the original map: indeed the peak positions are usually shifted as effect of the ripple subtraction. The elimination of the ripples is carried out as follows: a) an atom is put at the origin and the isotropic thermal factor, as estimated by the Wilson plot, is associated to it; b) structure factors are calculated up to the experimental resolution; c) the Fourier synthesis is computed by using the calculated structure factors as coefficients; the obtained map is described by a Y function extending in two main domains [A] and [B] : Y ½A corresponds to the main peak and Y ½B to the ripples. The ripple subtraction term is given by Y ½B multiplied by the scale factor d j ; where
where rðr j Þ ½A j is the maximum value in the map corresponding to the main j-th peak and Yð0Þ ½A is the maximum value of the Y function in its [A] domain. At the end of the DS procedure, peaks are usually closer to their published positions and their intensities are improved: the chemical interpretation is then more easily carried out.
It is important to put in evidence that both RS and DS corrections depend on the experimental resolution.
The DUS approach
The DUS approach has been introduced in EXPO2010, a computer program which, as EXPO2009 [5] , is able to carry out automatically all the steps of the structure solution process by powder diffraction data. It is designed for solving any kind of structure (organic, inorganic, metallorganic, . . .) via Direct Methods approach in case of ab-initio solution and Direct Space Methods when additional information (i.e. the molecular geometry), is available. EXPO2009 is freely distributed to non-profit institutions by connecting to the website wwwba.ic.cnr.it. The DUS procedure aims at improving the structure model provided by Direct Methods, which is usually approximate as effect of errors on the experimental moduli, errors on the estimated phases and series truncation. In the worst cases the model is uninterpretable. The DUS method consists of the following steps:
1. A 2jFj o À jFj c Fourier map is calculated in the classical way. jFj o is the observed modulus extracted from the experimental profile and jFj c is calculated by the available Direct Methods model. 2. The map is corrected firstly by the RS and then by the DS procedure according to the descriptions reported in Sections 2 and 3. 3. The so corrected r DUS map is modified into r where y is an heuristic value between 1.2 and 2.0. The purpose of this step is to assign larger weights to large intensity peaks in the map. 4 . A peak search is carried out on r 0 DUS providing NP peak positions (NP more or less equal to the expected number of atoms in the asymmetric unit). 5. A difference electron density map r dif is calculated:
where r RS is the map corrected only by the RS procedure and r DUS by the DUS procedure; z is an empirical value between 1.5 and 2.5. 6. A peak search is carried out on r dif providing ND additional peak positions (ND % NP). 7. The ND þ NP peaks are used for a successive structure factor calculation and a new 2jFj o À jFj c Fourier map. 8. The steps 1-4 are repeated and the obtained NP peak positions are optimized by preliminary automatic least squares with restraints. 9. The structure model is finally chemically interpreted. The DUS method in EXPO2010 is automatic and supported by a graphic interface providing the user the possibility to follow step by step the evolution of the procedure.
Applications
The DUS procedure described in Section 4 has been successfully applied to several test structures. In Table 1 the most important crystallochemical information (structure code, space group, unit cell content and experimental resolution) concerning some of them have been reported.
We compare in Table 2 the results obtained by DS and by DUS methods. A similar trend is obtained when the RS and DUS results are compared (not shown for brevity). The model provided by Direct Methods is also considered.
In Table 2 for each test structure N AS is the number of true atoms in the asymmetric unit as reported in the published paper; N DM is the number of peak positions, in the model provided by Direct Methods, which are less than 0.6 A away from the correct ones; N DS is the number of peak positions close to the true ones (with distance less than 0.6 A) and d DS is the corresponding average distance, obtained by the application of the DS procedure alone; the 550 A. Altomare, C. Cuocci, C. Giacovazzo et al. Fig. 3 . The DS model consists of only 13 peaks close to the true ones while the application of the DUS method is able to locate all the atoms in good positions except one. In Fig. 3 the DUS model, shown in blue colour, is superimposed to the published model, represented in red: it follows the published structure very well, it is interpretable and it is suitable to be optimized by the Rietveld method. The results show that: a) the method DUS is able to strongly improve the model provided by the classical Direct Methods; b) the application of only one (RS or DS) procedure is less efficient than the combined method DUS.
Concluding remarks
We have developed a new method, working both in the Reciprocal and in Direct Space, aimed at reducing the truncation errors in the Fourier synthesis. It is able to strongly improve the electron density map. It has been introduced in the new version of EXPO2009, EXPO2010. The ab-initio EXPO2010 run is now able to provide interpretable and completed structure models also in case of bad experimental resolution. 
